Lymphocyte homing is initiated by the binding of L-selectin on lymphocytes to its ligands on high endothelial venules (HEV). Sialyl 6-sulfo Lewis X is a major capping group of L-selectin ligands. N-Acetylglucosamine (GlcNAc) 6-sulfation is essential for the ligand activity, and is catalyzed by GlcNAc 6-O-sulfotransferases (GlcNAc6STs) of which GlcNAc6ST-1 and GlcNAc6ST-2 are expressed in HEV. Here, we report that mice deficient in GlcNAc6ST-1 were impaired in the elaboration of sialyl 6-sulfo Lewis X in HEV and that an epitope of L-selectin ligands recognized by the MECA-79 antibody was greatly reduced or abolished in the abluminal aspect of HEV. Lymphocyte homing to peripheral lymph nodes, mesenteric lymph nodes and Peyer's patches was significantly reduced in GlcNAc6ST-1 null mice. These results demonstrate that GlcNAc6ST-1 is involved in lymphocyte homing in vivo, and indicate that GlcNAc6ST-1 and -2 play complementary roles. The importance of GlcNAc6ST-1 is particularly highlighted by its involvement in lymphocyte homing to Peyer's patches where GlcNAc6ST-2 expression is undetectable.
INTRODUCTION
Lymphocytes circulate between the blood and lymphoid organs. Lymphocytes in the blood enter lymph nodes by crossing specialized vessels known as high endothelial venules (HEV) 1 (1) (2) (3) . Using L-selectin to bind to specific ligands on HEV, lymphocytes tether and roll along the luminal aspects of HEV, initiating a cascade of steps (2) .
Subsequently, rolling cells are activated by chemokines, arrested onto the HEV by integrin-mediated firm adhesion and finally transmigrate across the HEV (1, 2) . Lselectin functions as a lectin-like homing receptor (4) . Consistent with its C-type lectin domain in the N-terminal region (5), the HEV-expressed ligands for L-selectin identified so far are glycoproteins including GlyCAM-1, CD34 and MAdCAM-1 (6) (7) (8) .
These molecules all contain O-sialomucin regions having reactivity with an adhesionblocking monoclonal antibody called MECA-79 (9) . MECA-79 staining is now regarded as a predictor of L-selectin reactivity (10) .
Three modifications, i.e., sialylation (11) , fucosylation (12) and sulfation (13) of L-selectin ligands are all required for optimal recognition by L-selectin. Furthermore, staining lymph nodes with specific monoclonal antibodies, G72 and G152, has identified a novel capping group known as sialyl 6-sulfo Lewis X (i.e., NeuAca2,3Galb1, 4[Fuca1, 3] [SO 4 -6]GlcNAc) ( Fig. 1 ) in human HEV (14) . The presence of the structure in O-glycans of GlyCAM-1 (15) and human CD34 (16) has also been demonstrated. The requirement of sialyl 6-sulfo Lewis X for L-selectin binding has been established by the finding that G152 blocks the binding of lymphocytes to HEV with absolute dependency on GlcNAc-6-O-sulfation (14, 17) . The
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A great deal of effort has been devoted to the identification of the enzymes that catalyze sulfation at the C-6 position of GlcNAc (i.e., GlcNAc 6-Osulfotransferases [GlcNAc6STs]) (3, 20) . The identification of enzymes involved in the synthesis of L-selectin ligands may contribute to the understanding and ultimately the treatment of inflammatory diseases. We previously cloned the first known GlcNAc6ST
(GlcNAc6ST-1, also known as CHST2 and GST-2) in mouse and human (21, 22) based on sequence homology with chondroitin 6-sulfotransferase (23, 24) . GlcNAc6ST-1 mRNA was shown to be expressed in the HEV of mouse lymph nodes (21) . Another
GlcNAc6ST, GlcNAc6ST-2, (originally named HEC-GlcNAc6ST or LSST and also known as CHST4 and GST-3), has been isolated (25, 26) . GlcNAc6ST-2 is preferentially expressed in the HEV of lymph nodes (25, 26) , whereas the expression of GlcNAc6ST-1 is broad (21) . The cloned HEV-expressed sulfotransferases are capable of catalyzing the transfer of sulfate to C-6 of GlcNAc in recombinant L-selectin ligands (e.g., CD34,
GlyCAM-1 and MAdCAM-1) (17, (25) (26) (27) . Transfection with cDNA encoding either of the two GlcNAc6STs (GlcNAc6ST-1 and GlcNAc6ST-2) contribute to the formation of sialyl 6-sulfo Lewis X and the MECA-79 epitope on the transfectants (17, 25, 26, 28) .
We further characterized their substrate specificities and enzymological properties employing protein A-fused GlcNAc6ST-1 and GlcNAc6ST-2 proteins. Both
GlcNAc6ST-1 and GlcNAc6ST-2 can efficiently sulfate oligosaccharides based upon Olinked glycans (29) , and thus both enzymes are implicated in the elaboration of Lselectin ligands in vitro.
The question of whether GlcNAc6ST-1, GlcNAc6ST-2 or both are involved in the formation of L-selectin ligands has motivated efforts to produce mice deficient in the GlcNAc6ST genes. Genetic deletion of GlcNAc6ST-2 results in the almost complete loss of the MECA-79 epitope in the luminal aspect of peripheral lymph node (PLN)-HEV and a 50% reduction of L-selectin-mediated lymphocyte homing to PLN (30) , thus establishing the importance of this enzyme for lymphocyte homing in vivo. (Fig. 2B) . The homologously recombined DNA gave a 4.2-kb band, while the wild-type DNA gave an 8.8-kb band (Fig. 2C) . The wild-type allele gave a 0.5-kb band, while the mutated allele gave no band. Neo primers were also used: 5'-CAGCGTCTTGTCATTGGCGA-3' (Neo3) and 5'-GCTCTTCGTCCAGATCATCC-3' (Neo4). The wild-type allele gave no band, while the mutated allele gave a 0.6-kb band. Total RNA was extracted from PLN, MLN and PP of +/+ and -/-mice using RNAZol (Tel-Test Inc, Friendwood, TX). Random hexamers and SuperScript‰ II reverse transcriptase (Invitrogen) were used to synthesize double-stranded cDNA. PCRs were performed with the cDNA and the following primers sets: GlcNAc6ST-1 (5' primer, GST2KO-F; 3' primer, GST2KO-R), b-actin (5' primer, 5'-CTTCTACAATGAGCTGCGTGTGG-3'; 3' primer, 5'-TGATGACCTGGCCGTCAGGCA-3').
Polymerase chain reaction (PCR)
-
Reverse transcription-polymerase chain reaction (RT-PCR) ---
Analysis of blood and lymphoid organs ---Peripheral blood was obtained from 12- cryostat sections were prepared as described above. The MECA-79 epitope in the abluminal aspect of HEV was detected using biotinylated MECA-79 (1.0 mg/ml) (30) and Cy2-conjugated streptavidin (1.8 mg/ml, Jackson Immuno Laboratories, Inc).
Immunohistochemical analysis with AG223 antibody ---The AG223 monoclonal antibody (murine IgM) was produced using 6-sulfo Lewis X ceramide as the immunogen (14) . On enzyme-linked immunosorbent assay, AG223 antibody reacted with 6-sulfo Lewis X ceramide, and to a lesser extent, with 6,6'-disulfo Lewis X ceramide. The AG223 antibody was not reactive to Lewis X ceramide, 6'-sulfo Lewis X ceramide, or 3'-sulfo Lewis X ceramide (21, 36) . Cryostat sections of mouse lymph nodes were prepared as above. The tissue sections were immunostained with biotinylated AG223 antibody after digestion with 0.02 units/ml of neuraminidase (from Arthrobacter ureafaciens, Nakarai Tesque, Kyoto Japan) in PBS (pH 7.4) at 37 °C for 30
min. The avidin-biotin complex was used with a Vectastain " ABC kit (Vector Laboratories, Burlingame, CA). The reaction was visualized with 3,3'-diaminobenzidine tetrahydrochloride followed by counterstaining with 1% methyl green (14) .
In Vitro Adherence Assay ---Axillary and brachial lymph nodes of 9-to 12-week-old
GlcNAc6ST-1 +/+ and -/-mice were dissected and frozen in Tissue-Tek " O.C.T.
compound. The assay was performed as described previously (37) . Cryostat sections (10 mm thick) were adhered onto 3-well epoxy-coated slides (Carlson Scientific, Peotone, IL) and air-dried for 30 min. Then, sections were fixed in 1% paraformaldehyde in 0.1M sodium cacodylate, pH 7.3 for 20 min on ice. Sections were overlaid with 100 ml/well of a suspension (8 x 10 6 /ml) of L-selectin-expressing lymphoma cells (i.e., 38C13) (9) in RPMI-1640 containing 25mM HEPES and 1% BSA.
The slides were rotated (80 rpm) using a gyratory shaker. In some cases, L-selectinexpressing 38C13 cells were treated with MEL-14 antibody (rat IgG2a; 10 mg/ml) for 11 20 min before being added to sections. The number of cells bound per HEV was quantitated as described previously (37) . MEL-14 antibody generated from hybridoma cells (American Type Culture Collection) was purified on a column of recombinant Protein G-Sepharose 4B (Zymed Laboratories Inc., South San Francisco, CA).
In vivo homing assay ---Lymphocyte homing in vivo was carried out based on published procedures (12, 30) . Mesenteric lymphocytes from 5-to 10-week-old ICR mice were isolated and then labeled with 5 µM 5-chloromethylfluorescein diacetate (CMFDA; Molecular Probes). After being washed with PBS, the cells (1.7 ¥ 10 7 in 100 µl of PBS)
were injected into the tail veins of age-matched (12-week-old) GlcNAc6ST-1 +/+ and -/-mice. One hour after injection, the animals were sacrificed and secondary lymphoid organs were dissected. Lymphocytes in these organs were teased out with two 25G One hour after injection, fractional contents of CMFDA-positive and CMRA-positive cells were determined in each recipient organ by flow cytometry as described previously (30) . GlcNAc6ST-1 wild-type (+/+) and -/-mice in gross morphology. The GlcNAc6ST-1 -/-mice reproduced normally. Southern blot analysis confirmed that the GlcNAc6ST-1 gene was deleted in the knockout mice (Fig. 2C) . RT-PCR analysis performed on lymph 13 node RNA with primers corresponding to the targeted regions confirmed the absence of
RESULTS

Genomic organization of the mouse
GlcNAc6ST-1 mRNA in -/-mice (Fig. 2D) .
Leukocyte distribution and histology of lymphoid organs in GlcNAc6ST-1 null mice ---Numbers of leukocytes, neutrophils, lymphocytes and monocytes in the blood were unaltered in GlcNAc6ST-1 -/-mice as compared to +/+ mice (Fig. 3A) . Lymphocyte numbers in spleen, thymus, axillary and brachial lymph nodes (PLN), mesenteric lymph nodes (MLN) and PP of +/+ and -/-mice were determined. Although no significant differences were observed in the organs between +/+ and -/-mice, the number of lymphocytes in -/-MLN and PP showed a tendency to be reduced (Fig. 3C ). at the C-6 position of GlcNAc. We have previously established that sialyl 6-sulfo Lewis X is a major capping structure of carbohydrate L-selectin ligands in human lymph nodes as revealed with a specific monoclonal antibody, G152 (14) . We therefore wished to know whether the expression level of sialyl 6-sulfo Lewis X was altered in the HEV of
Altered expression pattern of MECA-79 epitope in HEV of
GlcNAc6ST-1 -/-mice. The G152 antibody does not stain mouse tissues probably as a result of differences in acylation of sialic acids between human and mouse (unpublished staining signals were barely detectable on abluminal HEV, whereas the signals were reduced but persisted in the luminal aspect (Fig. 6B) . In sialidase-treated -/-MLN, the AG223 staining signals were greatly reduced in both the luminal and abluminal aspects of HEV (Fig. 6D ). AG223 staining was totally abolished in HEV of sialidase-treated -/-PP (Fig. 6F) . We conclude that GlcNAc6ST-1 participates in the formation of sialyl 6-sulfo Lewis X in mouse PLN-, MLN-, and PP-HEV. In addition, the highly significant reduction of AG223 epitope in PLN-and MLN-HEV of GlcNAc6ST-1 null mice, which still express GlcNAc6ST-2, implies that AG223 would prefer an epitope produced by
GlcNAc6ST-1 to that produced by GlcNAc6ST-2.
Diminished lymphocyte homing to lymph nodes in GlcNAc6ST-1 null mice ---Reduced
MECA-79 and AG223 staining signals seen in PLN, MLN and PP of GlcNAc6ST-1 -/-mice led us to assess the functional significance of GlcNAc6ST-1. We therefore employed assays of in vitro lymphocyte adherence and in vivo homing assays.
Lymphocytes bind to HEV in cryostat sections of lymph nodes under shear (11, 42, 43) .
In order to determine whether the reduced level of these epitopes affects the L-selectindependent cell binding, we performed an adherence assay with 38C13 cells, an Lselectin-bearing mouse lymphoma cell line (9, 42) . The binding of 38C13 cells to PLN-HEV of GlcNAc6ST-1 -/-mice was decreased to 86% (p=0.032) of +/+ mice (Fig. 7A) . 
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The binding of cells to PLN-HEV of GlcNAc6ST-1 +/+ and -/-mice was completely inhibited by an anti-mouse L-selectin antibody (i.e., MEL-14) (Fig. 7A ). Consistent with a previous report (30) , the PLN-HEV of GlcNAc6ST-2 -/-mice showed greatly reduced binding of these cells (Fig. 7A) .
Since the interaction between L-selectin and its ligands on HEV is essential for lymphocyte homing to secondary lymphoid organs (12,30,44), we performed shortterm homing assays in GlcNAc6ST-1 null mice. We injected fluorescently labeled mouse mesenteric lymphocytes into the tail veins of either GlcNAc6ST-1 +/+ or -/-mice. After 1 h, the number of labeled cells in each lymphoid organ was determined by flow cytometry as the ratio of fluorescent lymphocytes to total number of resident lymphocytes (30) . A normal level of homing to spleen was observed in the -/-mice (Fig.   7B ). Lymphocyte homing to PLN and MLN of -/-mice was diminished to 78% (p=0.016) and 71% (p=0.011) of +/+ levels, respectively (Fig. 7B) . Moreover, homing to PP of -/-mice was reduced to 67% (p=0.049) of the +/+ level. We verified the Lselectin contribution to homing in GlcNAc6ST-1 -/-mice by employing L-selectin null lymphocytes in homing assays. As shown in Table I 
DISCUSSION
L-selectin is the major factor regulating the initial step of lymphocyte homing. The contribution of L-selectin-depending homing to the homing overall is >95% in PLN, >85% in MLN and about 50% in PP (30,44). GlcNAc6ST-2, which is preferentially expressed in HEV (25, 26) , has been established to participate in L-selectin-dependent lymphocyte homing (30) . In mice deficient in GlcNAc6ST-2, lymphocyte homing to PLN and MLN is reduced to 50% and 69% compared to wild-type mice, and homing to PP is unchanged (30) . While most of luminal MECA-79 reactivity was eliminated in PLN and MLN of the null mice, considerable abluminal MECA-79 reactivity remained.
In PP of the deficient mice, all of the abluminal staining persisted. These results raised many questions; the most important issue of which was the identity of the GlcNAc6ST involved in the formation of residual L-selectin ligands in the deficient mice.
GlcNAc6ST-1 null mice showed a significant decrease in lymphocyte homing to PLN (78% of wild-type) and MLN (71% of wild-type). Applying an in vitro adhesion assay to PLN of null mice, we found a decrease in binding to HEV, consistent with the homing results. A complete inhibition of cell adhesion to either +/+ or -/-HEV was revealed using an anti-L-selectin antibody. This result supports the conclusion that the homing defect in GlcNAc6ST-1 null mice is due to the defect of interaction between Lselectin and its ligands. Since GlcNAc6ST-1 is not involved in synthesis of heparan sulfate or chondroitin sulfates (21), it is not likely that GlcNAc6ST-1deficiency affects lymphocyte homing by effects on glycosaminoglycans, which present and stabilize chemokines. Taken together, we conclude that GlcNAc6ST-1 is involved in lymphocyte homing to lymph nodes by contributing to the synthesis of L-selectin ligands in HEV.
Apparently, GlcNAc6ST-1 and GlcNAc6ST-2 play complementary roles. It is highly likely that GlcNAc6ST-1 is one of the GlcNAc6ST responsible for the formation of Lselectin ligands in lymph nodes of GlcNAc6ST-2 null mice. 
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We also found that in GlcNAc6ST-1 null mice, homing to PP was reduced to 67% of that in wild-type mice. Furthermore, we observed the disappearance of epitopes associated with L-selectin ligands from PP of GlcNAc6ST-1 null mice (see below).
Since homing to PP is unchanged in GlcNAc6ST-2 null mice (30), GlcNAc6ST-1 is the first GlcNAc6ST identified as an enzyme regulating homing to PP.
We analyzed the distribution of L-selectin ligands in GlcNAc6ST-1 null mice using two antibodies, MECA-79 and AG223. MECA-79 antibody has been widely used to detect L-selectin ligands in lymph node HEV (10) . The complex of MECA-79-reactive molecules is called "peripheral nodes addressin", i.e., PNAd. The full epitope of MECA-79 was recently identified as an extended core 1 O-glycan that is indifferent to sialylation or fucosylation, but shows an absolute requirement for GlcNAc-6-sulfation (19) (Fig. 1) . Using a two-step in vivo/ex vivo staining approach, we found reduced abluminal MECA-79 reactivity in both PLN and MLN of GlcNAc6ST-1 null mice with the most pronounced effect on the latter. Furthermore, the abluminal epitope observed in wild-type PP (9) was eliminated in GlcNAc6ST-1 null PP. In view of the results on GlcNAc6ST-2 null mice (30,31), we conclude that both GlcNAc6ST-1 and
GlcNAc6ST-2 contribute to the synthesis of the abluminal MECA-79 epitope in PLN and MLN, and it is most likely that only GlcNAc6ST-1 is involved in formation of the abluminal epitope in PP (Table II) . This latter finding is consistent with the absence of GlcNAc6ST-2 protein in PP HEV (35) . The function of the abluminal L-selectin ligand is not presently known. In recent studies, it has been proposed that L-selectin may be involved in postextravasation migration events in tissues (45, 46) . Further analysis of
GlcNAc6ST-1 null mice will help to clarify the role of the abluminal L-selectin ligand, especially in PP.
A major capping structure of L-selectin ligands has been identified to be sialyl 6-sulfo (Fig. 1) . Therefore, it is conceivable that the reduction of the luminal sialyl 6-sulfo Lewis X in GlcNAc6ST-1 null lymph nodes was due to the reduction of the structure on core 2-branched glycans (Fig. 1) . This point is important in considering the nature of L-selectin ligands remaining in GlcNAc6ST-2 null mice. In these mice, the reactivity to MECA-79 in the luminal aspect of PLN-and MLN-HEV is almost completely abolished. Therefore, the remaining L-selectin ligand is likely to be unreactive with MECA-79 (31) . Consequently, we propose that a portion of the Lselectin ligand remaining in GlcNAc6ST-2 null mice is on core 2 glycans, the sulfation of which is mediated by GlcNAc6ST-1. Consistent with the possibility, de Graffenried and Bertozzi found that GlcNAc6ST-1 preferably modifies the capping group on the core 2 branch rather than that on core 1-extended glycans (28) . Furthermore, Hiraoka et al observed that mice deficient in both GlcNAc6ST-2 and C2GlcNAcT exhibit a greater reduction in lymphocyte homing than GlcNAc6ST-2 single knockout mice (47) . The ability of GlcNAc6ST-1 to form the MECA-79 epitope in the abluminal aspect of HEV suggests that it also contributes to some extent to the formation of the epitope in the luminal aspect. However, this contribution appears to be less than that of GlcNAc6ST-2 (Table II) .
The L-selectin ligands in lymphocyte homing to PP are MECA-79-unreactive since the pattern of MECA-79 staining in HEV of PP is abluminal and injection of the antibody does not inhibit short-term homing (9) . It is likely that sialyl 6-sulfo Lewis X on core 2 glycans plays a role as an L-selectin ligand in PP. Consistent with this proposal, we found that sialyl 6-sulfo Lewis X exists on the luminal as well as 20 abluminal aspects of HEV in mouse PP (Fig. 6E) . The reduction in lymphocyte homing to PP observed in GlcNAc6ST-1 null mice is consistent with the loss of the luminal sialyl 6-sulfo Lewis X in the null PP. However, L-selectin ligand activity remains in PP-HEV of GlcNAc6ST-1 null mice (~ 38% of total homing, Table I ), indicating the existence of additional ligands.
We also noticed that the luminal expression of sialyl 6-sulfo Lewis X in HEV of PLN and MLN was greatly reduced in GlcNAc6ST-1 null mice, while the reduction in lymphocyte homing and 38C13 cell adhesion was much less. It is conceivable that AG223 prefers 6-sulfo Lewis X on a core 2 branch, which could explain the above discrepancy. It is also possible that a large portion of the sialyl 6-sulfo Lewis X epitope in PLN and MLN is on structures which are not functional as L-selectin ligands ( Future efforts to analyze mice that are doubly deficient in GlcNAc6ST-1 and GlcNAc6ST-2 genes will provide essential information on overall the contribution of GlcNAc-6-sulfation to L-selectin-mediated homing. Furthermore, the mice could be utilized to investigate mechanisms of inflammation-associated lymphoid neogenesis in which MECA-79-positive vessels are prominent (35, 48) . GlcNAc6ST-1 wild-type (+/+) and null (-/-) mice were used to synthesize cDNAs.
Fragments corresponding to GlcNAc6ST-1 (491 bp) and b-actin (476 bp) were amplified by PCR using the cDNA preparations as templates. No expression of
GlcNAc6ST-1 transcripts was detected in -/-mice organs. Specific products were not observed when reverse transcriptase (RT) was omitted from the preparation of cDNA. 
